Introduction {#Sec1}
============

The scientific interest in sports recovery modalities has been increasing in the last years. Studies have been investigating the effects of modalities on subjective outcomes like post-exercise well-being, objective outcomes like physical performance and surrogate outcomes like biochemical markers related to recovery \[[@CR1], [@CR2]\]. Blood lactate levels, creatine kinase (CK) activity, and C-reactive protein (CRP) levels are commonly used as biochemical markers of skeletal muscle recovery \[[@CR3]\].

Blood lactate concentration is used to monitor and plan training, and it is usually assessed by portable devices. Although some authors \[[@CR4]--[@CR6]\] discuss the validity of the blood lactate concentration as a parameter to determine the muscle recovery after exercise, this biochemical marker has been widely used for this purpose \[[@CR7]--[@CR9]\].

Muscle damage can occur after strenuous sporting activities \[[@CR10]\]. Activity-related changes in CK plasma enzyme activity can indicate an emerging state of muscle damage \[[@CR11]\]. Increased CK activity has been reported after strenuous exercise \[[@CR12]\]. Athletes normally have higher plasma CK activity at rest than non-trained individuals \[[@CR13]\], but their post-exercise CK activity increases to a lesser extent than for non-athletes \[[@CR14]\].

High-intensity and repetitive skeletal muscle contractions can also induce an inflammatory response in muscle tissue, which is related to the early development of skeletal muscle damage \[[@CR15], [@CR16]\]. CRP is a commonly used marker of systemic inflammation \[[@CR17]\] that has also been used to investigate the level of inflammation post-exercise \[[@CR16]--[@CR18]\].

A large amount of therapeutic modalities are used after sports activities to improve skeletal muscle recovery, the most commonly used modalities are: active recovery \[[@CR7]--[@CR10]\], cryotherapy \[[@CR10], [@CR19], [@CR20]\], massage \[[@CR8], [@CR21]\], contrast heat therapy (use of hot and cold water immersion) \[[@CR22], [@CR23]\], hydrotherapy \[[@CR24]\], stretching \[[@CR4]\], and electric stimulation \[[@CR25]\]. However, the scientific evidence behind these modalities is limited.

Cold water immersion therapy (CWIT) is a modality that uses immersion of a body part in water with temperature below 15°C. It is one of the most popular therapeutic modalities used to improve muscle recovery after high-intensity exercise \[[@CR4]\]. However, there is only anecdotal scientific information regarding the effectiveness of this therapy \[[@CR26]\].

Skeletal muscle recovery is a novel area of research in phototherapy. Recent studies with low-level laser therapy (LLLT) \[[@CR27]\] and light emitting diode therapy (LEDT) \[[@CR28], [@CR29]\] have shown positive results for skeletal muscle recovery when these therapies were applied before exercise. If the intention is to cover a large part of the exercised muscle, then multi-diode cluster probes with several visible red LED diodes or infrared laser diodes may be more suitable for this purpose. The irradiation of tissue at different levels may represent a therapeutic advantage. For instance, red diodes could promote increased microcirculation in skin, and infrared diodes could increase ATP synthesis and decrease oxidative stress in exercised muscles, leading to improvement in short-term recovery.

In sports settings, the therapeutic modalities are normally used after exercise sessions and usually the time available to perform the treatment is limited, especially in sports with a low interval time between sets such as: volleyball, tennis, handball, and others. Although CWIT has a relative low cost, the time required for therapists to prepare CWIT is time-consuming. Additionally, the water and ice used in CWIT can only be used once, and it is relatively difficult to control the temperature during the treatment. On the other hand, LEDT devices can be used several times without lengthy preparations, but they also have a considerably higher cost than water and ice.

For these reasons, we decided to investigate and compare the short-term effects of 5 min of CWIT and 5 min of LEDT in biochemical markers related to skeletal muscle recovery after Wingate cycle test in a homogeneous sample of young athletes in a randomized crossover design.

Methods {#Sec2}
=======

We performed a cross-over randomized double-blinded placebo-controlled trial. The study was approved by the ethics committee of the Vale do Paraíba University (Protocol Number H06/CEP/2008). All subjects or one of their parents signed written informed consent forms before their participation in the experiment.

Inclusion criteria {#Sec3}
------------------

Male futsal players at highest national level (Brazil);Active futsal player for at least 3 years and with at least 5 days of training per week;Age between 17 and 25 years.

Exclusion criteria {#Sec4}
------------------

Any musculoskeletal injury to the hip, knee, or ankle regions in the previous 2 months;Participation in less than 80% of the regularly scheduled physical training and futsal sessions for the futsal team;Players using any kind of nutritional supplements or pharmacological agents.

Material {#Sec5}
--------

Six volunteers were recruited among young male futsal players (*n* = 6) from Brazil at the highest national sporting level. Sample size was determined based in previous studies that used samples ranging 6 to 11 volunteers per group \[[@CR27], [@CR28], [@CR30]\].

Randomization procedure {#Sec6}
-----------------------

Participants were scheduled to receive either CWIT, active LEDT, or placebo LEDT in a random manner after each of three exercise tests. Randomization was performed by a simple drawing of lots (A, B, or C) which determined if participants should receive CWIT, active LEDT, or placebo LEDT in the first session. The randomization procedure was administered by an assistant not involved in the experiment. The allocation code was then delivered to a technician who preset the LED control unit in active or placebo LEDT mode. He then delivered the preset unit to the therapist. The technician was instructed not to communicate the type of LED treatment given to either the patients, the therapist, or the observers. Thus, the allocation to LEDT was concealed to participants, therapist, and observers.

Blinding procedure {#Sec7}
------------------

Careful attention was given to the blinding procedure and several measures were taken to ensure complete blinding. It is not possible to blind CWIT to the patients or therapists, but both therapists and patients were blinded to whether active LEDT or placebo LEDT was administered. The LEDT device was only activated after the LED cluster had been placed on the skin, and the cluster probe was not removed before the irradiation was over and the LED cluster was deactivated. This procedure hides the LEDs beam from sight for both the therapist and the participants. To further ensure blinding, therapists and participants used dark goggles for eye protection. Observers and analysts were blinded to whichever of the three treatments were given.

Test procedures {#Sec8}
---------------

**Period of evaluation** All procedures were performed with the room temperature at 24°C ± 1º and relative humidity at 60% ± 3%. Care was taken in obtaining standardization in the execution of the exercise test protocols. Exercise tests were performed with a standard sitting position at approximately the same time of the day (to control for the circadian rhythm). The performance of the exercise tests took place in three sessions 1 week apart (day 1, day 8, and day 15) at the same day of the week (Monday) in the same period of the day (between 14:30 and 17:30). Any hard physical activity (such as training sessions or matches) was not permitted in the weekend and in the morning before the testing. The timeline of the experiment is shown in Fig. [1](#Fig1){ref-type="fig"}. Fig. 1Time flow chart of the study

**Fatigue test protocol** At the first session (day 1), second session (day 8), and third session (day 15) of the study, basal blood measurements (blood lactate, creatine kinase, and C-reactive protein) were obtained for each subject. Immediately afterwards, the cycle test observer instructed the athletes and supervised them while conducting a series of muscle-stretching exercises. The stretching exercises involved all the major muscles of the lower extremities (one round of 60 s for each muscle group). Then, the observer seated each subject on the ergometer cycle and fixed their feet to the pedals. Instruction of the Wingate test was then delivered to the athletes. It consists of cycling at maximum speed for 30 s against a load of 7.5% of the respective athletes' body weight.

Treatment protocols {#Sec9}
-------------------

At all sessions (day 1, day 8, and day 15), the participants received a single treatment of active LEDT, placebo LEDT (both using a Cluster with 34 LED diodes of 660 nm and 35 LED diodes of 850 nm manufactured by THOR^®^ Photomedicine, London, United Kingdom) or CWIT according to the result of the randomization procedure. Active LEDT or placebo LEDT were administered exactly 5 min after the exercise test, and was administered by a blinded therapist. The LED cluster was not turned on before the tip of the cluster was put in contact with the skin. The mm. triceps surae received LEDT irradiation in only one site in the center of the muscle belly, while mm. rectus femoris and hamstrings muscle belly was divided into two irradiation sites evenly distributed along the ventral middle line of the muscle belly in order to deliver LEDT irradiation to most of the muscle belly. The LEDT irradiation was performed bilaterally, and 30 s of irradiation was performed in each site, and thus ten sites (five per lower limb) in total were irradiated with a total LEDT irradiation time of 5 min. The chosen LEDT parameters were based on our previous study where LEDT before Wingate test showed significant effects in decreasing biochemical markers of muscle damage \[[@CR28]\]. The sites used to perform active and placebo LEDT are shown in Fig. [2](#Fig2){ref-type="fig"}. Fig. 2Irradiation points (*in black circles*) used for active LEDT or placebo LEDT

Irradiation with LEDT was performed in contact mode with the probe held stationary with slight pressure at a 90° angle to the skin surface. The parameters for the LEDT are summarized in Table [1](#Tab1){ref-type="table"}. Table 1Parameters for LEDTNumber of diodes: 69 (34 red diodes and 35 infrared diodes)Wavelength: 660 nm (±6 nm, red diodes) and 850 nm (±20 nm, infrared diodes)Frequency: Continuous outputOptical output: 10 mW (red diodes) and 30 mW (infrared diodes)LED spot size: 0.2 cm^2^ (for both red and infrared diodes)Power density: 0.05 W/cm^2^ (for red diodes) and 0.15 W/cm^2^ (for infrared diodes)Energy: 41.7 J in each point (0.3 J from each red diode and 0.9 J from each infrared diode)Energy density: 1.5 J/cm^2^ in each point (for red diodes) and 4.5 J/cm^2^ in each point (for infrared diodes)Treatment time: 30 s at each point (5 min of total treatment time)Total number of irradiation sites: 10 (5 per lower limb)Energy delivered per site: 41.7 JTotal energy delivered: 417.00 J (208.50 J per lower limb)Total area irradiated: 138 cm^2^ (69 cm^2^ per lower limb)Application mode:Stationary in skin contact with a 90° angle and slight pressure

The CWIT was performed 5 min after the exercise test was completed. Subjects were lowered in a standing position inside a container with 50 l of cold water (and ice cubes) at 5°C (±1º) for 5 min, with the lower limbs immersed up to immediately below the gonadal region. The temperature was kept constant during the treatment and monitored with a thermometer.

Blood samples for blood lactate, CK, and CRP analysis {#Sec10}
-----------------------------------------------------

The blood lactate levels were measured in blood samples taken from the futsal players. Possible muscle damage and inflammation were indirectly measured in the futsal athletes by the CK activity and CRP levels, respectively. In order to measure these parameters, a qualified nurse (blinded to group allocation) performed aseptic cleaning of the ventral side of the dominant arm and took one sample before the stretching and exercise test (pre-exercise), another blood sample 3 min after the exercise test (post-exercise) and another blood sample exactly 10 min after treatments (20 min after the exercise test) were completed (post-treatment). The samples were frozen and after 1 week of the end of each phase the blood analysis were performed with infrared spectrophotometry, using a spectrophotometer (FEMTO®, Brazil) and specific kits for analysis of blood lactate (Bioclin®, Brazil) and CK (Labtest®, Brazil). The analysis of CRP was performed by agglutination method using a specific analysis kit (Wiener Laboratorios®, Argentina). All blood analyses were performed by an observer who was blinded to treatment allocations.

Statistical analysis {#Sec11}
--------------------

Group means and their respective standard deviations were calculated. An ANOVA test with Tukey--Kramer post-test was used to test if there was a significant difference in baseline values and also in change post-exercise and post-treatment between active LEDT, placebo LEDT, and CWIT. An additional responder analysis for the combined dichotomized results of the three biochemical tests was planned with a Mantel Haenszel test for relative risk ratio. The significance level was set at *p* \< 0.05.

Results {#Sec12}
=======

Six healthy male young high-level futsal players were recruited who met the inclusion criteria. Their average age was 20.67 (±2.96) years old, and their body weight was a mean of 64.63 kg (±7.34) and body height was 174.97 cm (±8.71).

There were no significant differences (*p* \> 0.05) in the peak power (12.00 W.kg^--1^ ±0.36 - placebo LEDT; 12.70 W.kg^--1^ ±1.23 - active LEDT; and 12.01 W.kg^--1^ ±0.67 - CWIT) and mean power (9.39 W.kg^--1^ ±0.48 - placebo LEDT; 9.98 W.kg^--1^ ±1.29 - active LEDT; and 9.42 W.kg^--1^ ±0.59 - CWIT) in the Wingate cycle tests. The results are summarized in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. Fig. 3Peak power performed by athletes in Wingate test at three exercise sessions. No difference was observed between tests. *Error bars* indicate standard deviationsFig. 4Mean power performed by athletes in Wingate test at three exercise sessions. No difference was observed between tests. *Error bars* indicate standard deviations

Similarly, no significant differences were found for CK activity at the pre-exercise test (90.55 U.l^--1^ ±20.28 - placebo LEDT; 92.30 U.l^--1^ ±19.67 - active LEDT; and 91.29 U.l^--1^ ±20.49 - CWIT) (*p* \> 0.05). CK activity increased after all three exercise tests but without any significant differences between the three test sessions (*p* \> 0.05). After treatments, only active LEDT decreased CK activity significantly from post-exercise values (*p* = 0.0065). Placebo LEDT and CWIT did not significantly decrease CK activity (*p* \> 0.05).

Blood lactate levels at the pre-exercise tests (2.30 mmol.l^--1^ ±0.48 - placebo LEDT; 2.09 mmol.l^--1^ ±0.65 - active LEDT; and 2.13 mmol.l^--1^ ±0.44 - CWIT) were also similar with no significant differences between the sessions (*p* \> 0.05). Post-exercise blood lactate levels increased from pre-exercise test values in all three test sessions, without any significant difference (*p* \> 0.05) between sessions. There were no significant differences (*p* \> 0.05) in changes of blood lactate from post-exercise values to post-treatment with placebo LEDT and CWIT. However, active LEDT significantly decreased (*p* = 0.0044) the change in blood lactate levels from post-exercise values.

CRP levels did not change significantly (*p* \> 0.05) from the pre-exercise values (1,068.65 mg.dl^--1^ ±578.98 - placebo LEDT; 1,112.35 mg.dl^--1^ ±546.62 - active LEDT; and 1,087.52 mg.dl^--1^ ±534.02 - CWIT). In all sessions the CRP levels increased after exercise, but without any statistically significant difference (*p* \> 0.05) between the three sessions. None of the treatments decreased the CRP levels significantly (*p* \> 0.05) from post-exercise values. However, a tendency to decrease from baseline values was observed for active LEDT without statistical significance. The results of change in biochemical markers are summarized in Table [2](#Tab2){ref-type="table"}. Table 2Change in biochemical markers related to skeletal muscle recoveryPlaceboLEDTCWITPost-exercisePost-treatmentPost-exercisePost-treatmentPost-exercisePost-treatmentCK (U.l^--1^)4.73--1.7215.22--8.55 \*\*1.70--3.45±7.92±21.57±13.42±9.56±14.91±13.67Lactate (mmol.l^--1^)11.009.1716.0010.50 \*\*13.8311.67±2.61±5.04±3.22±2.43±1.94±1.97CRP (mg.dl^--1^)196.00182.00252.00--66.00444.00150.00±156.58±677.14±654.28±304.50±802.87±646.30Mean values and standard deviations of change in biochemical markers\*\*Statistically significant (*p* \< 0.05) from post-exercise

In the responder analysis, the relative risk for a positive response was borderline significant (*p* = 0.05) for active LEDT over placebo RR = 1.67 \[95% CI 1.00--1.67\], but there were no significant differences for any of the other treatment comparisons (Table [3](#Tab3){ref-type="table"}). Table 3Responder analysisPlaceboLEDTCWITRespondersNon-respondersRespondersNon-respondersRespondersNon-respondersCK426042Lactate246042CRP333333Total99153117

Discussion {#Sec13}
==========

This is the first time we have applied LEDT (or LLLT) after the performance a high-intensity exercise test. In our previous experiments, we applied LEDT or LLLT before the exercise tests. It is also the first time we have compared the effects of LEDT (or LLLT) with another active treatment (CWIT). Firstly, it is important to mention that no differences were observed in performance of futsal athletes or in baseline values of biochemical markers between three exercise tests. This was done to ensure that their levels of exhaustion were comparable, and it allows us to assume that the differences observed in biochemical markers were promoted by the recovery modalities. Another important point is that LEDT not only induced significantly greater reductions in CK activity and blood lactate levels, but the reductions occurred seemingly irrespective of high or low post-treatment values. This indicates that the greater difference in change in the LEDT group cannot be explained as a "regression to the mean" phenomenon, but suggests that LEDT causes a true reduction in the levels of these biochemical markers.

CWIT did not change any of the biochemical markers of recovery employed in this study. Several procedural factors could contribute to the non-significant result such as too short time of treatment (5 min) and non-optimal water temperature (5°C ± 1°). However, previous studies investigating the effects of CWIT in recovery after exercises have used a variety of parameters, and no consensus seem to exist for optimal treatment parameters.

Halson et al. \[[@CR3]\] did a randomized cross-over study (with 11 male endurance trained cyclists), but found no significant difference between CWIT (11.5°C) and passive recovery (24.2°C) in biochemical markers related to recovery (including blood lactate, CK, and CRP) after cycling exercise. Howatson et al. \[[@CR20]\] performed a study with 16 male subjects to evaluate the effects of 12 min of CWIT (15°C) in muscle recovery after exercise. There were no significant differences between cold water immersion and control group (12 min seated rest) in maximal voluntary contraction (MVC), DOMS, CK, thigh girth, and range of motion (ROM). However, the CWIT parameters employed in these studies were very different that we tested.

Sellwood et al. \[[@CR19]\] tested the effects of 3 min (three sets of 1 min, with an interval of 1 min between sets) CWIT (5°C ± 1°) and compared with 3 min (three sets of 1 min, with an interval of 1 min between sets) of immersion in tepid water (control group, 24°C) in 40 untrained volunteers immediately after eccentric quadriceps exercise. No significant differences were observed between groups with regard to changes in most pain parameters, tenderness, isometric strength, swelling, hop-for-distance, or serum CK over time. There was a significant difference in subjective pain during sit-to-stand tests at 24 h, with the intervention group demonstrating a greater increase in pain than the control group. This study used the same temperature as we used (5°C ± 1°) and similar time of immersion, however the authors also did not find any significant effects for CWIT. Further studies are needed to test the influence of different parameters of CWIT.

Blood lactate levels and CK activity decreased significantly after treatment with LEDT in our study. Previous studies from our research group have shown positive results by decreasing CK activity \[[@CR28], [@CR29]\] and blood lactate levels \[[@CR29]\] when LEDT was performed before exercise. However, the results of this study are novel since LEDT was performed immediately after the exercise test.

The observed decrease in blood lactate levels after LEDT in this study may have been caused by an increase in microcirculation previously observed in healthy muscle tissue after LLLT \[[@CR31]\]. This could also contribute to the observed decrease in CK activity.

Previous studies with red and infrared LLLT have shown reduction of reactive oxygen species (ROS) release and creatine phosphokinase activity, increase in levels of antioxidants and heat shock proteins \[[@CR32], [@CR33]\], improvement in mitochondrial function \[[@CR34]\], an increase in ATP synthesis, and in mitochondrial respiratory chain \[[@CR35]\]. These effects at the cellular level could possibly be responsible for the decrease in CK activity after treatment as observed in this study.

Lactate accumulation is a good indirect indicator of increases in H^+^ protons and decreases in blood and cellular pH, which lead to metabolic acidosis \[[@CR6]\], and activity-related changes in CK plasma enzyme activity can indicate an emerging state of muscle damage \[[@CR11]\]. Therefore, enhancement of these biochemical markers can indicate an increased risk to injuries, and positive effects observed in blood lactate levels and CK activity after LEDT indicates a faster recovery after exercise test.

There is an increasing amount of clinical evidence about the effects of LLLT \[[@CR36]\]. Typical therapeutic LLLT devices have small spot sizes (0.001 to 1 cm^2^), high irradiance (0.05 to 5 W/cm^2^) and a narrower bandwidth (±3 nm) than LEDT devices (±6 to 20 nm). In the laboratory, LLLT devices seem to inflict a better anti-inflammatory effect than LEDT \[[@CR37]\]. However, in situations where larger areas of muscle tissue need to be irradiated, multidiode LEDT may be a good compromise for their larger spot size and lower costs. It is known that phototherapy with infrared wavelengths penetrates better through the human skin than red wavelengths \[[@CR38]\]. With this perspective in mind, the positive results observed in this study should be due to the association of effects of red and infrared light. Red diodes could promote increased microcirculation in skin, and infrared diodes could increase ATP synthesis and decrease oxidative stress in exercised muscles, leading to improvement in short-term recovery. However, the exact mechanisms through each wavelength acts still need further investigation.

We also observed that the relative risk for a positive response was significant (*p* = 0.05) for active LEDT over placebo, but there were no significant differences for any of the other treatment comparisons (Table [3](#Tab3){ref-type="table"}). The response pattern to placebo treatment may be due to the rest in supine/prone position for 5 min. However, this needs further investigation.

We have previously observed that LEDT before exercise decreased the post-exercise CRP levels \[[@CR29]\]. However, in this pilot study we observed a tendency for decreasing CRP levels after LEDT without statistical significance, probably because of our small sample size and large standard deviation. We tried to recruit more volunteers for the study, but this was not possible because only six volunteers met the inclusion criteria and performed all exercise sessions, leading to a reduced sample size. As far as we know, biochemical markers have a large variability, leading to outcomes with large standard deviations as we observed in our study (Table [2](#Tab2){ref-type="table"}). For this reason, we recruited volunteers from the same sport activity and same team in an effort to make our sample more homogenous. The largest problem with the small sample size is the risk of inflicting type II errors where true differences among interventions are not detected because of low statistical power \[[@CR39]\]. The lack of influence on post-treatment CRP levels in the LEDT group may also be the result of too low statistical power. Therefore, this question needs further investigation in larger samples before firmer conclusions can be drawn.

Conclusions {#Sec14}
===========

Five minutes of LEDT with the parameters employed in this study was more effective than placebo LEDT to reduce levels of some biochemical markers that are related to muscle recovery after a Wingate cycle test. We found no significant effect of CWIT with the used parameters over placebo LEDT. The effectiveness of CWIT to enhance muscle recovery remains uncertain, and further studies are needed to test CWIT with different parameters. LEDT seems to be a potential tool to improve muscle recovery after exercises. However, further studies are needed to test their LEDT effects after different exercise tests and if LEDT has a possible influence on performance during the recovery period.
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